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Radioactive waste storage
Roughly 72% of France’s electricity production was nuclear in 2016
HLW represented 0.2% of the total volume of French radioactive waste but
94.98% of their total radioactivity in 2007
Project Cigéo : HL/IL-LL waste repository
3 / 21
Radioactive waste storage
Roughly 72% of France’s electricity production was nuclear in 2016
HLW represented 0.2% of the total volume of French radioactive waste but
94.98% of their total radioactivity in 2007
Project Cigéo : HL/IL-LL waste repository
3 / 21
Radioactive waste storage
Roughly 72% of France’s electricity production was nuclear in 2016
HLW represented 0.2% of the total volume of French radioactive waste but
94.98% of their total radioactivity in 2007
Project Cigéo : HL/IL-LL waste repository
3 / 21
Radioactive waste storage
Roughly 72% of France’s electricity production was nuclear in 2016
HLW represented 0.2% of the total volume of French radioactive waste but
94.98% of their total radioactivity in 2007
Project Cigéo : HL/IL-LL waste repository
3 / 21
Damage and seals
Excavation process leads to the creation of a high permeability damaged zone
along the drifts
Clay coreBackfill
Transfer through interface
between claystone, clay core
and lining
Transfer through
clay core and drifts
Transfer through
damaged claystone
Transfer through
Callovo-Oxfordian
Undamaged claystone
Damaged claystone
Goal for the overall hydraulic conductivity of the seals + galleries :
< 10−9 m · s−1 (Bauer et al. [2])
4 / 21
Damage and seals
Excavation process leads to the creation of a high permeability damaged zone
along the drifts
Clay coreBackfill
Transfer through interface
between claystone, clay core
and lining
Transfer through
clay core and drifts
Transfer through
damaged claystone
Transfer through
Callovo-Oxfordian
Undamaged claystone
Damaged claystone
Goal for the overall hydraulic conductivity of the seals + galleries :
< 10−9 m · s−1 (Bauer et al. [2])
4 / 21
Damage and seals
Excavation process leads to the creation of a high permeability damaged zone
along the drifts
Clay coreBackfill
Transfer through interface
between claystone, clay core
and lining
Transfer through
clay core and drifts
Transfer through
damaged claystone
Transfer through
Callovo-Oxfordian
Undamaged claystone
Damaged claystone
Goal for the overall hydraulic conductivity of the seals + galleries :
< 10−9 m · s−1 (Bauer et al. [2])
4 / 21
Damage and seals
Excavation process leads to the creation of a high permeability damaged zone
along the drifts
Clay coreBackfill
Transfer through interface
between claystone, clay core
and lining
Transfer through
clay core and drifts
Transfer through
damaged claystone
Transfer through
Callovo-Oxfordian
Undamaged claystone
Damaged claystone
Goal for the overall hydraulic conductivity of the seals + galleries :
< 10−9 m · s−1 (Bauer et al. [2])
4 / 21
Self-sealing
Self-sealing = hydraulic conductivity drops dramatically when the claystone is
hydrated
Objective : Predict the evolution of the damaged zone around a horizontal
sealing during the resaturation phase
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Hydromechanical coupling
Resaturation takes place over thousands of years⇒ need to take into account
the viscoplastic behavior of the claystone (not considered in the following, see
perspectives)
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Geometry
Isotropic undamaged COx
Transversely isotropic damaged COx
Circular damaged zone with thickness 0.53R (ensures correct cross-sectional
area)
Mode I cracks parallel to the drift walls (normal = er), mode II cracks
disregarded
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Material behavior and other hypotheses
Isotropic undamaged COx
Transversely isotropic damaged COx
Linear elastic isotropic behavior of the undamaged claystone
No prestress
Plane strain in the plane ⊥ ez
Cracks remain open during the experiment (ensures linearity)
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Loading and symmetry
Two kinds of loading in the CDZ experiment :
Problem (i) : p = 4 MPa pressure prescribed at
r = R
Problem (ii) : wetting and thus stress-free strain
ε∗ = g(r)1 in the damaged zone, and σ · n = 0
at r = R
NB : Swelling leads to divergence of the drift
walls and thus zero displacements at the
boundary would lead to unrealistic surface
tractions at r = R
Geometry, material behavior, loading
⇒ Rotational symmetry around ez
(a) Problem (i).
(b) Problem (ii).
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Behavior of the damaged zone
The homogenized behavior of the microcracked damaged zone is investigated
in the rate form (ESHELBY based)
Linear elastic behavior of the intact claystone
σ˙ = CCOx : (ε˙− ε˙∗)
Weak crack interaction : MORI-TANAKA scheme⇒ nonlinear elastic behavior
of the microcracked damaged zone with the same stress-free strain
Σ˙ = CDam(Σ) :
(
E˙− ε˙∗
)
The crack opening variation is derived (Deudé [5]) :
c˙ = c
(
ε˙
c
: n⊗ n
)
= aX
(
ε˙
c
: n⊗ n
)
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The flat spheroid limit
Cracks→ X = ca  1 (same X for all cracks)
This leads to
CDam = CCOx :
(
I+
4pi
3
dT
)−1
; T(νCOx)
d = Na3 is the crack density parameter (Budiansky and O’connell [3])
In that limit the problem is linear (as long as the cracks remain open) because
CDam is independent of c⇒ integration with respect to time is possible
Also
c˙ =
[
T :
(
I+
4pi
3
dT
)−1
:
(
E˙− ε˙∗
)]
: (an⊗ n)
=
[
T : CCOx−1 : Σ˙
]
: (an⊗ n)
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Boundary value problem
Integrated equations (no propagation of cracks) :Σ = C
Dam : (E− ε∗)
∆X = ∆ca =
[
T : CCOx−1 : Σ
]
: (n⊗ n)
(a) Problem (i) : prescribed
pressure.
(b) Problem (ii) : prescribed
stress-free strain.
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Analytical solution
Rotational symmetry⇒ total displacement looked for in the form ξ = f (r)er
Equation of equilibrium yields a second order ordinary differential equation
Exact analytical solution if g(r) is a polynomial function of r
If g is only assumed to be continuous, it can be approximated by a polynomial
function⇒ yields an approximate solution
13 / 21
Analytical solution
Rotational symmetry⇒ total displacement looked for in the form ξ = f (r)er
Equation of equilibrium yields a second order ordinary differential equation
Exact analytical solution if g(r) is a polynomial function of r
If g is only assumed to be continuous, it can be approximated by a polynomial
function⇒ yields an approximate solution
13 / 21
Analytical solution
Rotational symmetry⇒ total displacement looked for in the form ξ = f (r)er
Equation of equilibrium yields a second order ordinary differential equation
Exact analytical solution if g(r) is a polynomial function of r
If g is only assumed to be continuous, it can be approximated by a polynomial
function⇒ yields an approximate solution
13 / 21
Analytical solution
Rotational symmetry⇒ total displacement looked for in the form ξ = f (r)er
Equation of equilibrium yields a second order ordinary differential equation
Exact analytical solution if g(r) is a polynomial function of r
If g is only assumed to be continuous, it can be approximated by a polynomial
function⇒ yields an approximate solution
13 / 21
Analytical solution
Rotational symmetry⇒ total displacement looked for in the form ξ = f (r)er
Equation of equilibrium yields a second order ordinary differential equation
Exact analytical solution if g(r) is a polynomial function of r
If g is only assumed to be continuous, it can be approximated by a polynomial
function⇒ yields an approximate solution
13 / 21
Parameters
Parameter Value Reference
ECOx (MPa) 5000 Pham [7]*
νCOx (-) 0.2 Pham [7]*
d (-) 10−3 arbitrary
ε∗ (-) 10−2 Zhang et al. [8]**
pswelling (MPa) 4 Andra [1]
*These are averaged values estimated using the measurements before desaturation
and after resaturation
**This is the average prescribed strain over the damaged zone. Much higher strains
are observed under free swelling conditions and much lower under high triaxial
confining stresses so a conservative value of 1% was chosen
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Results
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(b) Problem (ii).
FIGURE – ∆X as a function of rR for problems (i) and (ii).
|∆X| max is roughly five times greater for problem (ii) than for problem (i)
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Influence of g(r)
Prescribed stress-free strain
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(b) Exponentially decaying stress-free strain.
FIGURE – ∆X as a function of rR for two different functions g(r) with the same average
value.
Different monotony but same order of magnitude for |∆X| max
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A word on a and d
Note that |∆X| max does not depend much on d for problem (ii) (5.023 · 10−3
for d = 10−1 and 5.148 · 10−3 for d = 10−6) and even less for problem (i)
(9.77848 · 10−4 in both cases) so a median value of 10−3 was chosen
arbitrarily
Taking the value a = 250 mm (Hawkins et al. [6]) for the lateral extent of the
cracks yields crack opening variations of −0.5 mm and −2.6 mm for
problems (i) and (ii) respectively
This is consistent with in situ observations of initial crack openings on the
order of the millimeter
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Conclusions
Simple model but yields interesting insights into the phenomenon of
self-sealing at the scale of the drift
The crack closure was found to be a non-monotonous function of depth for an
exponentially decaying stress-free strain
A mean 1% stress-free strain was found to lead to better self-sealing than the
4 MPa swelling pressure developed by the swelling clay core
Results consistent with in situ observation that water injection is more efficient
than pure mechanical closure
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Perspectives
The damaged zone was represented by an effective microcracked medium with
weak interaction→ strong interaction could be dealt with by using a
self-consistent scheme, but more importantly the cracks should be introduced
explicitly at the scale of the drift
The actual problem is nonlinear due to the closure of different families of
cracks
The stress-free strain was prescribed, when it is in fact the result of a coupled
hydromechanical response (the amount of water a sample is able to take in
depends on the confining stress which in turn depends on the swelling)
Time effects have to be included at the scale of the clay particles
(' 10− 50 nm), resulting behavior will be used at the scale of the drift
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Thank you for your attention.
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